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Testes mass is  a  key  factor in  male reproductive success and is  potentially exposed to 
so-called ‘parasitic castration’. This  is the result of the direct destruction or  alteration of 
reproductive cell  lineages (parasitic castration sensu stricto), or  the indirect detrimental 
effects – for example, via body condition – on the ability of progenitors to produce or rear 
offspring (parasitic castration sensu lato). There are enormous gaps in  our knowledge on 
the effects of  parasites on  the testes of  wild mammals and in  an attempt to rectify this 
dearth of data we examined the relationship between the skin parasite Sarcoptes scabiei 
and testes mass in Iberian ibex Capra pyrenaica. We considered data from 222 males that 
were culled in the population from the Sierra Nevada in Spain. Our results provide evidence 
that sarcoptic mange is associated with reduced size-corrected testes mass in Iberian ibex 
which supports the hypothesis that parasitism is a determining factor in gonad plasticity in 
male mammals. We  discuss several hypothetical causes of this relationship and highlight 
the need to deepen the sub-lethal effects of pathogens if we are to accurately understand 
their modulator effects on  host population dynamics. 
 
 
 
 
1.  Introduction 
 
Testes size  is a key  factor in male reproductive success 
(Preston et al., 2003; Schulte-Hostedde and Millar, 2004) 
given that big  testes are  an  advantageous trait in  species 
with sperm competition (Preston et al., 2003; Schärer et al., 
2004; Schärer and Vizoso, 2007). Primary sexual charac- 
ters vary with mating tactics (Harcourt et al., 1981; Awata 
et al., 2006), body condition (Schulte-Hostedde and Millar, 
2004; Schulte-Hostedde et al., 2005a) and season, at least in 
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seasonal breeders (Goeritz et al., 2003). Gonads, however, 
are  also  potentially exposed to  so-called ‘parasitic castra- 
tion’ (Baudoin, 1975). This can result in the direct alteration 
or even destruction of reproductive organs (parasitic cas- 
tration sensu stricto) and can  be  temporary or  deﬁnitive 
(Baudoin, 1975; Ruiz-Martínez et al., 1993). ‘Parasitic cas- 
tration’ can  also  refer to  indirect detrimental effects – for 
example, via  body condition – on  the ability of progeni- 
tors to produce or rear offsprings (parasitic castration sensu 
lato)   (Barnard and  Behnke, 1990;  Hudson and  Dobson, 
1997; Møller, 1997). 
The  direct effects of parasites on  gonads have mostly 
been recorded to date in invertebrate taxa (Baudoin, 1975). 
In  vertebrates most studies that have reported reduced 
mating and rearing capacity in parasitized hosts have been 
 

    
performed on  birds (Hurtrez-Boussès et al.,  1998;  Bize 
et al., 2004; Marzal et al., 2005; Velando et al., 2006) and 
ﬁsh  (Pélabon et al., 2005; Kolluru et al., 2009). What lit- 
tle  data concerning wild mammals that exists generally 
deals with female fecundity (Iason and Boag, 1988; Pence 
and Windberg, 1994; Neuhaus, 2003; Newey and Thirgood, 
2004; Newey et al., 2004; Pioz  et al., 2008) or host behav- 
ior  (Cramer and Cameron, 2007) and there are  enormous 
gaps in  our  knowledge regarding the effects of parasites 
on the testes of wild mammals. Recently, Santiago-Moreno 
et al.  (2010) examined the relationship between sperm 
quality and the level of parasitism in Iberian ibex. Neverthe- 
less,  all animals examined in their study were selectively 
hunted for  their relatively small horn development and 
individual phenotypic quality was not considered in their 
analysis as  a  potential  confounding factor. Also,  despite 
some determining factors of  testis traits have nonlinear 
effects and despite testis traits are  governed simultane- 
ously by  multiple factors (Sarasa et al., 2010b), the most 
highlighted analysis in the study of Santiago-Moreno et al. 
(2010) looked separately for  linear relationships. More- 
over, only one from the six  sperm variables considered 
showed a weak relationship with one from the ﬁve parasitic 
classes considered (Santiago-Moreno et al., 2010). Conse- 
quently, like in almost all wild-living mammal species, the 
relationship between parasites and testes traits has  to  be 
deepened in Iberian ibex. 
In this work, we examined the relationship between sar- 
coptic mange caused by Sarcoptes scabiei and testes mass in 
Iberian Ibex  Capra  pyrenaica. This  endemic ungulate from 
the Iberian Peninsula has  suffered in recent decades severe 
epizootic episodes of sarcoptic mange, which have become 
one of the most important destabilizing factors operating 
on the population dynamics of the Iberian ibex (Pérez et al., 
2002). Sarcoptic mange is  widespread in  wild mammals 
and it  is known to  induce marked increases in  mortality 
rates (Pence and Ueckermann, 2002). However, the sub- 
lethal effects of  sarcoptic mange and, more particularly, 
its  effects on  reproductive success in  wild fauna, are  still 
under-considered. 
According to  the parasitic castration hypothesis 
(Baudoin, 1975; Lafferty and Kuris, 2009) or to the adaptive 
plasticity of parasitized hosts (Forbes, 1993; Perrin et al., 
1996; Hurd, 2001), we would expect mange to have a nega- 
tive effect on testes, to be expressed as a decrease in relative 
testes mass in mangy as opposed to uninfected individuals. 
Clinical testicular  alterations  were  recorded in  indi- 
viduals with severe sarcoptic mange infestation in  some 
species (Little et al., 1998; Skerratt et al., 1999; Soulsbury 
et al., 2007). Despite the lack  of consensus on  the subject, 
negative effects of chorioptic mange (Chorioptes bovis)  on 
testicular activity in domestic rams were reported (Rhodes, 
1975, 1976; Heath, 1978). These studies highlight the need 
to go into this topic in ‘mange-wild host’  interactions. 
 
2.  Materials and  methods 
 
2.1.  Study  site and  population 
 
We  studied the Iberian ibex  population of  the Sierra 
Nevada (36◦ 00t –37◦ 10t  N, 2◦ 34t –3◦ 40t  W, Spain) that is a 
reference population in long term monitoring and exper- 
imental approaches in  Iberian ibex  ecology (Pérez et al., 
1994; Sarasa et al., 2009; Serrano et al., in  press). In par- 
ticular, numerous studies were focused on the interaction 
between sarcoptic mange and Iberian ibex  (Pérez et al., 
1997, 2006; Serrano et al., 2007; Alasaad et al., 2008; Sarasa 
et al., 2010a). In this study we  considered three categories 
of mange infestation: 0 = mange-free males; 1 = moderate 
lesions that include cases with lesions in <50% of host skin 
surface and the initial and development stages described by 
León-Vizcaíno et al. (1999); 2 = severe lesions that include 
cases with lesions in more than 50% of host skin surface and 
the consolidation and chronic stages as per León-Vizcaíno 
et al. (1999). We considered data from 222  males (Table 1), 
which were culled by  the Natural Space staff   for  man- 
agement purposes in the periods 1995–1998, 2000–2003, 
2007 and 2008. At culling, each individual was weighed to 
the nearest 500 g and measured to the nearest 0.5 cm; age 
was assessed by  horn-segment  counts (Fandos, 1991). At 
necropsy, the animals’ testicles were removed and weighed 
to  the nearest 0.01 g. The  arithmetic mean of the mass of 
the two testicles was used as the initial testicle mass. 
 
2.2.  Analysis 
 
To examine the relative effect of explanatory variables 
we  estimated several residuals (detailed below) (Sarasa 
et al.,  2010b) and in  each case we  chose the best ﬁtted 
regression between linear and non-linear models based 
on  the Akaike’s  Information Criterion, AIC (Burnham and 
Anderson,  2002).  We   log-transformed body mass and 
testes mass to  normalize the data. Shoulder height is one 
of  the highest growth priorities during juvenile skeletal 
development in Iberian ibex  (Fandos, 1991) and so to con- 
trol for  allometry on  testes mass we  used the residuals 
of the linear regression of the log-transformed arithmetic 
mean of the mass of both testes on  shoulder height. This 
 
Table 1 
Distribution of sampled animals. 
 
(a)  Distribution of sampled animals per months 
Month 1 2 3 4 5 6 7 8 9 10 11 12 Total 
Sample size 11 22 26 33 10 28 6 16 18 32 17 3 222 
(b)  Distribution of samples animals per age (in years) 
Age 1 2 3 4 5 6 7 8 9 10 13 Total 
Sample size 15 46 69 39 19 12 7 7 3 4 1 222 
(c)  Distribution of sampled animals per mange categories 
Mange category Mange-free (0) Moderate mange (1) Severe mange (2) Total 
Sample size 175 19 28 222 
    
Table 2 
Model selection on determining factors of size-corrected testis mass. 
 
Model n K AICc 6AICc L(gi/x) Wi R-sq(adj) RI  
M + S + A + BC + S * A + M * S + M * BC 222 13 −50.49 0.00 1.00 0.21 0.763 M: 1.00 
M + S + A + BC + S * A + M * S  222 12 −49.97 0.52 0.77 0.17 0.763 M * S: 0.88 
M + S + A + BC + S * BC + M * S + M * BC 222 13 −49.94 0.54 0.76 0.16 0.756 M * BC: 0.56 
M + S + A + BC + S * BC + M * S  222 12 −49.37 1.11 0.57 0.12 0.762 M * A: 0.25 
M + S + A + BC + S * A + M * S + M * A + M * BC 222 14 −48.21 2.27 0.32 0.07 0.762   M + S + A + BC + S * A + M * S + M * A  222 13 −47.75 2.74 0.25 0.05 0.763   M + S + A + BC + S * BC + M * S + M * A + M * BC 222 14 −47.67 2.82 0.24 0.05 0.755   M + S + A + BC + S * BC + M * S + M * A 222 13 −47.32 3.17 0.21 0.04 0.757   M + S + A + BC + S * A + M * BC 222 12 −46.71 3.77 0.15 0.03 0.766   M + S + A + BC + S * A  222 11 −46.21 4.28 0.12 0.03 0.764   M + S + A + BC + S * BC 222 11 −45.13 5.35 0.07 0.01 0.765   M + S + A + BC + S * BC + M * BC 222 12 −44.90 5.59 0.06 0.01 0.762   M + S + A + BC + S * A + M * A + M * BC 222 13 −44.53 5.96 0.05 0.01 0.764   M + S + A + BC + S * A + M * A  222 12 −43.99 6.50 0.04 0.01 0.762   M + S + A + BC + S * BC + M * A  222 12 −42.97 7.52 0.02 0.00 0.764   M + S + A + BC + S * BC + M * A + M * BC 222 13 −42.66 7.83 0.02 0.00 0.761   S + A + BC + S * A  222 10 −39.79 10.70 0.00 0.00 0.758   S + A + BC + S * BC 222 10 −37.92 12.57 0.00 0.00 0.754   
M, Mange; S, Season; A, Age; BC, Body Condition; *, interaction, MO, null model; K, number of estimated parameters; AICc, Information Criterion corrected 
for  small sample size; 6AICc, difference of  AICc between the model and the most parsimonious model; L(gi/x), Probability of  the model being the best 
model given the data set; Wi,  Akaike weight of  the model; R-sq(adj), adjusted R2  of  the ﬁtted model; RI, Relative Importance of  factors (Burnham and 
Anderson, 2002; Wood, 2006). 
 
size-corrected testes mass (corrected for  allometry) was 
used as the dependent variable in our  analysis. 
To  avoid non-independence  of  body condition from 
other explanatory factors, we  used body condition cor- 
rected for season, age and mange as a body-condition index 
in our  analyses. To account for seasonality in body condi- 
tion we  calculated the residuals of the linear regression of 
log-transformed body mass on  shoulder height (Schulte- 
Hostedde et al., 2005b) ﬁtted separately for  each season. 
Just  for  this correction, we  deﬁned seasons in  agreement 
with local  phenology as follows: winter from 15 December 
to 5 March, spring from 6 March to 15 June,  summer from 
16 June  to  15 September and autumn from 16 September 
to 14 December (Consejería de Medio Ambiente – Junta de 
Andalucía, 2002). Next, we  used the residuals of the logis- 
tic regression of seasonal-speciﬁc body condition on age to 
control for the effect of age on body condition (Garthwaite 
et al., 1986; Harper, 1998; Kyle et al., 2001; Hughes et al., 
2002). Finally, we  used the residuals of the linear regres- 
sion of body condition (previously corrected for season and 
age)  on  the degree of mange infestation (0 = mange-free; 
1 = moderate lesions; 2 = severe lesions) to  control for  the 
effect of mange on  body condition (Pence and Windberg, 
1994; Skerratt, 2003; Davidson et al., 2008). 
Taking into account the effects of age,  body condition, 
and season, we  used generalized additive mixed models, 
GAMM (Wood, 2006; Zuur et al., 2007), with year as  the 
random factor and an  information-theoretic approach 
(Whittingham et al., 2006) based on  Akaike’s  Information 
Criterion corrected for  small sample size,  AICc (Burnham 
and Anderson, 2002), to  test for  the effects of  sarcoptic 
mange on  allocation to  testes mass (Sarasa et al., 2010b). 
Our  aim  was to  examined the relationship between sar- 
coptic mange and testes  mass in  comparison with the 
determining factors of allocation to  testes mass reported 
for   uninfected  individuals (Sarasa et  al.,  2010b).  Thus, 
we  compared the best models explaining testes mass 
variability  in   mange-free  ibexes (Sarasa et  al.,  2010b) 
with models to  which the mange factor was added, with 
and without its  two-order interactions with other factors 
(identifying the most parsimonious model: lowest AICc). 
The  relative importance (RI) of explanatory variables was 
also  examined (Anderson et al., 2000, 2001; Burnham and 
Anderson, 2002). 
All analyses were performed using the R 2.9.0 statistical 
package (R Development Core Team, 2009). 
 
3.  Results 
 
We found that sarcoptic mange infestation is negatively 
linked to  relative testes mass in Iberian ibex,  particularly 
during the rutting season (autumn), and even at moderate 
degree of infestation. Four  models appeared to  have sub- 
stantial support (6AICc  lower to  two units, see  Table  2) 
given the data set  (Burnham and Anderson, 2002). Those 
models are  reﬁned versions (including the mange factor) 
of the two best models that reported the determining fac- 
tors of allocation to testes mass in mange-free individuals 
(Sarasa et al.,  2010b). The  mange factor and its  interac- 
tions with season was included in  all  four   best models 
(Table 2), which highlights the clear negative effect of 
mange on size-corrected testes mass and the fact  that this 
relationship was more patent in  than outside the rutting 
season (Fig.  1).  Moreover, two of  the four   models with 
substantial support (including the best one) included the 
interaction between mange infestation and body condition. 
As shown in Fig. 2, the condition-dependent allocation to 
size-corrected testes mass may be modulated by the degree 
of mange infestation. Furthermore, of the tested models, 
those that did not take into account the mange factor were 
the worst ranked, which highlights the importance of the 
parasitic status of hosts in explaining the observed variabil- 
ity of testes mass. 
The results are  consolidated by the multi-model infer- 
ence. The relative importance (RI) of the mange factor was 
equal to  one, which underlines the strength of its  role as 
    
 
 
Fig.  1.  Effect of sarcoptic mange on size-corrected testes mass in Iberian 
ibex Capra pyrenaica (Sierra Nevada, Spain) in rutting (autumn) and non- 
rutting seasons (other seasons). Points correspond to the mean values and 
error bars represent the standard error. Note that ‘season’ was a contin- 
uous variable in the ﬁtted models (coded as 12 months) and was only 
divided into rutting and non-rutting seasons for  the ﬁgure. Mange was 
included in model as continuous variable and categories have been made 
only for  the ﬁgure as well. 
 
a major determining factor of allocation to  testes mass 
(Table 2). The RI of interactions between sarcoptic mange 
and the other factors agrees with the pattern inferred from 
the ranking of the best models. The  RI of the interaction 
with season was the highest, followed by the RI interaction 
with body condition and age  (Table 2). Finally, estimates 
of the adjusted R2 of the ﬁtted models were high (Table 2), 
which underlines that the considered factors explained a 
great proportion of  the variability in  testes mass (more 
than 75%). This argues that in our  analyses we  considered 
the main determining factors of testes size.  Thus,  no major 
confounding factor is expected. 
 
4.  Discussion 
 
As per our  prediction, our  results present evidence that 
sarcoptic mange is associated with reduced testes mass in 
Iberian ibex.  To our  knowledge, this is the ﬁrst study pro- 
viding strong evidence of a negative relationship, even at 
moderate degree of infestation, between an arthropod skin 
parasite, which do  not necessarily affect the scrotal area, 
and testes mass in a wild mammal. 
 
4.1.  Adaptive allocation or parasitic castration? 
 
As  per our   prediction, sarcoptic mange appeared to 
negatively inﬂuence size-corrected testes mass, although 
this relationship seems to be  to some extent modulated 
by  the effects of season. This  pattern can  be  interpreted 
in  two ways: these results may be  due to  the adaptive 
reduction of allocation to testes (and thus of reproductive 
 
 
 
Fig.  2.  Effect of  body condition on size-corrected testes mass in Iberian 
ibex Capra pyrenaica (Sierra Nevada, Spain) in (a)  mange-free ibexes, (b) 
ibexes with moderate mange and (c) ibexes with severe mange. The solid 
line represents the estimated pattern and dotted lines indicate 95% con- 
ﬁdence intervals (Bowman and Azzalini, 1997). Mange was included in 
model as continuous variable and categories have been made only for  the 
ﬁgure. 
 
 
effort) in  mangy individuals (Forbes, 1993; Perrin et al., 
1996) or a direct consequence of the impact of parasitism 
on  host physiology and gonads (Baudoin, 1975). Recent 
studies provided direct and indirect evidences that mange 
modulates numerous physiological processes of the host, 
such as  antioxidant (Dimri et al., 2008; Camkerten et al., 
    
2009) and immunological defenses (Kuhn et al., 2008; Elder 
et al., 2009; Fischer et al., 2009; Sarasa et al., 2010a). The 
identiﬁcation of  the engaged molecules is  still  an  ongo- 
ing  process. Physiological measurements,  though, will  be 
required if we  are  to  discriminate between the hypothe- 
sis of host adaptive allocation and the hypothesis of direct 
parasitic impact on  host gonads (Møller, 1997). A search 
for Sarcoptes-derived modulators of testicular plasticity or 
an  examination of host regulatory hormones of testicular 
activity in mangy individuals might allow us to advance a 
step further towards a resolution of this question. 
Under the hypothesis of the adaptive reduction of 
reproductive effort (Forbes, 1993; Perrin et al., 1996), the 
reallocation of energy from reproduction to confronting a 
pathogenic challenge might be  expected to  improve host 
recovery and survival probabilities. Under the parasitic 
castration  hypothesis (Baudoin, 1975) we  would expect 
relative optimization of life  expectancy in  infested hosts 
and hijacking of energy allocated to  host reproduction by 
parasite (Obrebski, 1975). This  ﬁnal feature is  of  special 
selective advantage in  contact-transmitted  pathogens as 
opposed to parasites transmitted in the food  chain (Moore 
and Gotelli, 1990). Consequently, given that Sarcoptes is a 
contact-transmitted pathogen able to modulate host phys- 
iology (Sarasa et al.,  2010a), no  mechanism can   yet   be 
excluded. 
Moreover, the need to  study the complexity of  the 
observed pattern is  highlighted again by  the mange- 
modulated trend between body condition and allocation 
to  testes mass, and by  the great variability in  the alloca- 
tion to testes mass during the rutting season in individuals 
with severe mange infection. It  is  difﬁcult to  provide a 
single rigorous interpretation  of  the effect of  the inter- 
action between mange and body condition on  allocation 
to  testes mass and of the great variability of testes mass 
in individual with severe lesions. Considering that mange 
induces multidimensional alterations in  host phenotype 
and that allocation to  testes mass is  regulated simulta- 
neously by multiple factors, further investigation into the 
succession of phenotypic damage linked to  the develop- 
ment of mange (Arlian et al., 1990; Pence and Ueckermann, 
2002; Nakagawa et al., 2009) and into the hypothesis asso- 
ciated with terminal investment in ill individuals (Velando 
et al., 2006) might throw further light on these subjects. 
It is worth pointing out also that mange infestations are 
associated in some host species to  different co-infections 
and parasitic communities (Balestrieri et al., 2006). Thus, 
the possible additive role of other pathogens will  have to 
be assessed too. 
In  all  instances, our   results suggest that the lesions 
observed by other authors in the testes of some individuals 
with severe mange infestations (Little et al., 1998; Skerratt 
et al., 1999; Soulsbury et al., 2007) are  possibly a common 
phenomenon which affects mangy individuals at all levels 
of parasitism (see Fig. 1). 
 
4.2.  On the expectable ‘role’ of infested hosts 
 
Parasitism is known to affect the social behavior of hosts 
in  host-pathogen  systems (Hart, 1988; O’Donnell, 1997; 
Hughes et al.,  2004). Testis size  is  intimately associated 
to  testosterone  dynamics (Lincoln, 1998; Toledano-Díaz 
et al., 2007), and testosterone is predictive of a male’s rank 
trajectory (Beehner et al.,  2006), of  likeliness to  initiate 
aggressions (Virgin and Sapolsky, 1997) and of  outcome 
of  male–male interactions (Bergman et al.,  2006). Thus, 
through testosterone, a  relationship between testes size 
and behavior is  highly plausible. In  light of  the reduced 
testes mass in  mangy individuals, it  would be  reason- 
able to expect the competitiveness of infested individuals 
to  be  negatively affected in  agonistic behavior, and for 
there to be an increase in the frequency of undergone ago- 
nistic behavior, such as  is  observed after other types of 
destabilizing stimuli (Pelletier et al.,  2004). Thus,  mange 
infestations possibly induce ultimately a  destabilization 
of  social ranking. Consequently, reduced testes mass in 
mangy individual may not only threaten reproductive suc- 
cess   through sperm competition (Coltman et al.,  2002; 
Preston et al.,  2003), but may also   severely hinder the 
recruitment, the courtship and eventually the mating suc- 
cess of infested hosts. As a result, alterations in the effective 
population size  and structure might be  expected to  occur 
(Wright, 1931, 1938). A reduction of the effective popula- 
tion size  (as global effect) and a terminal investment effect 
just in some individual categories (with severe lesions, as 
suggested in the next to last paragraph of Section 4.1)  are 
both theoretically plausible. The terminal investment strat- 
egy (increased reproductive investment) usually concerns 
categories of individuals with poor reproductive prospects, 
and categories with greater reproductive prospects can 
adaptively reduce reproductive investment (Møller, 1997; 
Velando et al., 2006). These subjects will  have to  be  fur- 
ther studied in  order to  reﬁne predictions regarding the 
dynamics of parasitized populations (Gulland, 1995) and 
to broaden our  knowledge of the host-Sarcoptes arms race 
(Combes, 1995). 
Moreover, if the reduced allocation to testes mass corre- 
lates with the forementioned social alterations, as it would 
be reasonable to expect, then mangy individuals would be 
of even more interest in pathogen transmission dynamics. 
Sarcoptes might opportunistically take advantage of attacks 
to declining ibexes and to disperse horizontally among the 
group and the population, like other pathogens seem to do 
(Miller and Williams, 2003). Thus,  our  results may enrich 
epidemiological models (McCallum et al., 2001), given that 
they reveal another aspect of the differential status of 
infested individuals within host populations. 
In conclusion, our  results support the hypothesis that 
parasitism is a major determining factor in gonad plastic- 
ity  in males in mammals. The  relative importances of the 
effects of parasites and of the adaptive plasticity of hosts in 
the observed pattern have to be deepened. An examination 
of the interaction between pathogens and the other sources 
or regulatory organs of the endocrine system (Soma et al., 
2000) might also  provide a  better understanding of  the 
functional layout of endocrine glands and of the selective 
pressures that drive their evolution. 
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